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Abstract 

It is demonstrated that the extended technicolor model proposed recently by Ap- 
pelquist and Terning has pair of potentially light U(l) Goldstone bosons coupling to ordi- 
nary matter with strength ^p^, where m/ is the mass of the fermion and F n ~ 125 GeV. 
These Goldstone bosons could get a mass if the spontaneously broken U(l) symmetries are 
also explicitly broken, by physics beyond that specified in the model. An attempt to break 
these symmetries by embedding the model into a larger gauge group seems to be inade- 
quate. The problem is because there are too many representations and there is a mismatch 
between the number of condensates and the number of gauge symmetries broken. 



7/94 



1. INTRODUCTION 



The reasons for considering the standard model of electroweak interactions to be 
incomplete are well known. In particular, the scalar Higgs sector possesses unsatisfactory 
features such as the naturalness/gauge hierarchy problem jlj, arbitrariness of Yukawa 
couplings and triviality [0. These are particularly disturbing since electroweak symmetry 
breaking is responsible for endowing ordinary fermions and the weak gauge bosons with 
their masses. 

One proposal for eliminating these problems assumes that there are no fundamen- 
tal Higgs scalars. Instead, one postulates the existence of a new set of fermions — 
technifermions — which interact via a new parity-conserving strong force called technicolor 
||]. Crudely speaking, 'standard' technicolor mimics QCD at a higher energy scale. Walk- 
ing technicolor || modifies relations obtained by naive scaling from QCD, due to large 
anomalous dimensions of relevant composite operators. Technicolor enables us to solve 
part of the problem — gauge boson mass generation — based on nontrivial dynamics. 

The dynamical generation of fermion masses requires yet another interaction — Ex- 
tended Technicolor (ETC) @ @- It generates the current algebra masses of ordinary 
fermions by communicating the dynamical technifermion masses to the ordinary fermions. 
In other words, ETC gauge bosons couple ordinary fermions to technifermions, and couple 
to the various flavors differently. 

Three of the Goldstone bosons produced by the spontaneous chiral symmetry breaking 
of techniflavor symmetry contribute to and Z° masses. 'Realistic' models usually 
contain other (pseudo-) Goldstone bosons, most of which acquire some mass from color or 
electroweak interactions 0. 

An ETC model explaining the wide range of values of ordinary fermion masses and 
the CKM matrix elements has been elusive. In particular, it is hard to construct models 
compatible with experiments. Strong constraints from flavor-changing neutral current 
experiments ruled out QCD-like models long ago. Moreover, there are unwanted massless 
goldstone bosons in any extended technicolor model with too many fermion representations 

!• 

Recently, severe constraints have also come from precision electroweak measurements. 
Assuming the scale of new physics to be large compared to the W mass, it is found 
that there are important corrections to electroweak observables that are 'oblique' — i.e., 
correction to gauge boson propagators 0. These oblique corrections are encoded in three 
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parameters — S, T and U [Q. The parameter T is a measure of weak-isospin breaking — 
smallness of T means that technicolor models with large weak isospin breaking ( needed 
to generate the b-t mass difference, for instance) are severely constrained. Calculations 
of the S parameter in QCD-like technicolor models with isospin symmetry indicates that 
technicolor models with too many representations (the one-family technicolor model, for 
instance) are incompatible with the experimental value of S. Of course, those models are 
already ruled out on other considerations Q. However, it is unclear if walking technicolor 



models are incompatible with the experimental values of S and T |T(| or corrections to 



the Zbb vertex |Tl] , due to the difficulties inherent in performing reliable calculations in 
a strongly-interacting theory. 

An attempt in this direction was made recently by Appelquist and Terning |T^] . They 
constructed an ETC model and used it to produce a wide range of fermion masses. They 
also argued how the model could be compatible with experimental constraints such as the 
value of S, FCNC and small neutrino masses. 

In this paper, we will begin by demonstrating the existence of two potentially light 
U(l) Goldstone bosons in the Appelquist-Terning model. Appelquist and Terning only 
specify gauge interactions below 1000 TeV and this is what we take to be the model. 
They also discuss the need for non-renormalizable operators arising from physics beyond 
1000 TeV. Those operators could give mass to the two goldstone bosons by explicitly 
breaking their chiral symmetries. We shall discuss such a possibility assuming that these 
non-renormalizable operators arise from a gauge theory. It will be shown that simple 
extensions, such as embedding into larger groups, will not solve the problem. Our analysis 
will naturally lead us to the main reason for the problem — a mismatch between the number 
of broken diagonal gauge generators and the number of condensates. Note that the U(l) 
Goldstone bosons discussed here are different from the 'P ' discussed by Eichten and 
Lane || — those are avoided by implementing Pati-Salam unification and avoiding repeated 
represent at ions . 

For brevity, the potentially light pseudo- Goldstone bosons will be called axions. How- 
ever, they have nothing to do with the conventional Peccei-Quinn axion since they couple 
to anomaly free currents. In Section 2, we briefly describe the model, paying attention 
to the symmetry breaking pattern. In Section 3, we show the existence of the unwanted 
massless Goldstone bosons and present an analysis of the general reasons for the problem. 
We discuss the inadequacy of some 'natural' ways of addressing the problem and present 
a solution. Finally, we present our conclusion. 
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2. The Appelquist — Terning Model 

The gauge group is taken to be SU(5) etc ® SU(2) hc ® 517(4) PS ® SU{2) L ® U(1) R 
with fermion content (all fermions taken to be left-handed): 

^1 = (5,l,4,2)o 
^ = (5,1,4,1)! 
^ 3 = (5,1,4,1)_ 1 
^ 4 = (l,l,6,l)o 

Here SU(2)hc is an additional strong gauge group which is needed to help break the 
SU(5)etc down to SU(2)tc- Hypercharge, Y, (normalized by Q = T 3 l + Y/2) is given 
by Y = Q R + Tf 5 s , where Tf 5 s = diag(l/3, 1/3, 1/3, -1) is a generator of the SU(4) PS 
Pati-Salam group which implements quark-lepton unification (For details regarding the 
motivation for the choice of the gauge group and fermion representation content see ||12|| ). 

At the Pati-Salam breaking scale (taken to be around 1000 TeV ), a condensate is 
assumed to form in the channel (5, 1,4, l)_i x (5, 1, 1, l)o — > (1, 1,4, l)_i. This channel 
{{ijj^i) 0) is not the most attractive Channel (MAC) ||13|| . Instead, new physics is 
presumed to trigger its formation. This condensate breaks the U(1)r and SU(4)ps gauge 
groups leading to the gauge group SU(5) E tc ® SU(2) HC ® SU(3) C ® SU(2) L ® U(1) Y 
below Aps- 

Next, it is assumed that at A5 pa 1000 TeV a condensate forms in the chan- 
nel (10,l,l,l)o x (10,l,l,l)o -> (5,l,l,l)o —i.e., (V'eV'e) + . The singlet chan- 
nel 10 x 10 — >• 1 is disfavored as SU(2)hc is assumed to be relatively strong, so as 
to resist breaking. Then, the condensate (5, 1, 1, l)o breaks the gauge symmetry to 
S*7(4) etc ® SU(2)hc ® SU(3)c <8> SU(2)l <8> U(1)y- 

The next condensation is the attractive channel (4, 2, 1, l)o x (6, 2, 1, l)o — > (4, 1, 1, 1) 
- (V ; 8V'8)i 7^ — which is taken to occur at A4 w 100 TeV. ( The condensate is subscripted 
to distinguish this channel from another at A3 arising from a different piece in ipg.) The 
so-called 'big MAC criterion is applied here. When two or more relatively strong gauge 
interactions are at play, the favored breaking channel is determined by the sum of the 
interactions. It is a generalization of the ordinary MAC criterion. Hence, below A4 the 
gauge group is SU(3) E tc ® SU(2) HC ® SU(3) C ® SU{2) L ® U(1) Y - 

The final stage of ETC breaking takes place at the scale A3 pa 10 TeV with the big 
MAC condensate (3,2,1,1) x (3, 2, 1, 1) -> (3, 1, 1, 1) - - (^8^)2 ^ 0. This breaks 



^5 = (1,2, 6, l)o 
^ 6 = (10, 1,1, l)o 
iPr =(5, 1,1, l)o 
^ 8 = (10, 2, l,l)o 
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SU(3) etc to SU(2) T c so that the gauge group below A 3 is SU(2)tc ® SU(2)hc ® 
SU(3)c <8> SU(2)l <8> U(1)y- Hypercolored paricles are confined at Ahc ~ A3, and the 
HC sector decouples from ordinary fermions and technifermions. We then have a one- 
family technicolor model ( actually there is an additional "vector" quark [|f 2|). 

Finally, at the technicolor scale Atc, the SU(2)tc becomes strong resulting in con- 
densation in the 2 x 2 — > 1 channel — (01'02 ) 7^ 0, (V'i'03) 7^ an d (V'lV'e) 7^ 0. This 
breaks the electroweak gauge group SU(2)l <g> {7(l)y to £7(l) em . 

3. The Axion Analysis 

For each fermion representation, there is a global £7(1) symmetry current. In general, 
these currents have gauge anomalies. From these currents, one can form anomaly-free com- 
binations; these correspond to exact global symmetries of the theory. One then follows this 
global symmetry through the various gauge symmetry breakings and investigates whether 
or not it is spontaneously broken at any scale. At each stage of symmetry breaking, one 
forms linear combinations of the gauged and global currents that leave the condensates 
invariant. These remaining symmetries generate unbroken global £7(1) 's. The remaining 
orthogonal combinations couple to the massive gauge bosons fH}] . 

To begin with, there are eight gauge singlet global U(l) currents jfi = tpAl^A , where 
A = 1,...8 corresponding to the eight representations. Each of them has an anomalous 
divergence due to the strong ETC, PS and/or HC interactions. 





= 8S 5 + IOS4 


D 2 


= 4S 5 + 5S 4 


D 3 


= 4S 5 + 5S 4 


D 4 


= 2S 4 


D 5 


= 6S 2 + 4S 4 


D 6 


= 3S 5 


D 7 


= S 5 


D 8 


= 6S 5 + 10S 2 



(2) 



Here Da = Q^Ja an d S n = ^^iF n ■ F n , where n = 2, 4, 5 correspond to to gauge groups 
SU(2)hCi SU(4)ps and SU(5)etc respectively. The electroweak SU(2)l instanton has 
a negligible effect around Aps, and weak anomalies are ignored. 
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From these currents, one can form five gauge anomaly free symmetry currents, which 

are 



7 1 = 7 1 - 7 2 - 7 3 
" fj, J fi J /i J /i 

j2 _ -6 _ o -7 

^ = Jl - K - 8jl (3) 

4 = ~ l K + + K - K 

7 5 = -?' 2 + ?' 3 

One of these currents, J^, is actually the U(1)r gauge current. So the global symmetry 
above Aps is U(l) 4 . (To include the SU(2) l we take three of the four linearly independent 
current combinations not containing j^. The symmetry would be U(l) 3 ; this will not 
change our conclusions. Note that the U(1)r anomaly is irrelevant for our considerations 
due to the absence of instantons.) We follow this global symmetry through all of the gauge 
symmetry breakings; spontaneous breakdown of any global symmetry would result in a 
corresponding Goldstone boson at that scale. 

Below Aps one can form four combinations from the above five currents which leave 
invariant the gauge symmetry breaking condensate 7^ — the fifth one being the 

U(1)r gauge current [5]. So there still exists a U(l) 4 symmetry generated by ( keeping 
the same symbol, J, for these currents ) 



;3 _ A _ 2 -2 
4 _ in -4 , r -5 , e- -6 



(4) 



j; = -ioj; + k + K - K 

One can proceed to find the four global symmetry currents, which remain conserved 
below A 5 , to be 

4 = iso'i - ft - ft) - 10 4 + b ti + 18 tt - K 
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j; = -iojj + k + K - K - 6J , 

4 = - 7 4 + 8 ti + 8jI - 54 - 8jI 
Here J^ E is the gauge current corresponding to the diagonal generator in SU(5) which 
is not in SU(4). Note that J 2 is left unbroken although the gauge and global currents 
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are separately broken. This is analogous to the situation in the standard model where 
SU(2)l <8> SU(2)r — > SU(2)v- The SU(5)e generator in the fundamental representation 
is chosen to be diag|(— 4, 1, 1, 1) — this automatically fixes the U(l) charges in the other 
non- fundamental representations. This is merely a convenient choice of a basis. 

One can likewise obtain the global symmetry currents below A 4 and A 3 . Finally, one 
investigates the U(l) global symmetries below the electroweak symmetry breaking scale. 
This entails three condensates — (V'lV^) 7^ 0, (f/'iV's) 7^ and (ipiipe) 7^ 0. Only two of the 
four global symmetries are realized in the Wigner-Weyl mode, namely those corresponding 
to 

4 = -36(# - ft - ft) + 10Ji - 25jJ - 18jJ 

- 36jJ + 15jJ + 8 ff - 24J* E + Qjf 

(8) 

Jl = -18jJ + 18jI + 20jI - 15jJ - (5/3)j'J + K 
-20JI+ - 2 Jf + 2 Jf + J^)3 

The 5 , L r (2)3 generator in the fundamental representation is normalized as diag(l, — 1). 
The 577(4) and £77(3) generators in the fundamental representation are normalized as 
diag(— 3, 1, 1, 1) and diag(— 2, 1, 1) respectively. Note that the 4™ piece is irrelevant for 
our purposes since £7(1 ) em is unbroken. 

The other two broken global U(l) currents ( up to unbroken pieces ) are 

4 = -36(4 " 3l ~ Jl) ~ 30^ " 5 4 + K 

- 364 + K - 6f f + 6 4 E 

(9) 

4 = - 7 °.?; + 74 ^ + 72 4 - 55 -?m + ( 2 °/ 3 )4 + k 

- 724 + 44 - 8 Jjp + 8J* E 

One can incorporate the effect of the SU(2) L anomaly by constructing three linearly 
independent currents(from equations (8) and (9)) not containing j*. The unbroken current 
is 

Jj = 4 - 2 4 ( 10 ) 

The remaining two (linearly independent) spontaneously broken global U(l) currents are 
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Tl _ 73 _ Tl 

w (11) 

M ~~ 18 ^ ^ 

In terms of the first generation ordinary fermions, the two spontaneously broken global 
currents are 

(12) 

Jl = -^ R ^u R -2(d R ^d R + e R ^e R ) 

~ -^-{vll^l + AltA - u c R 7n u R - d C Rlfid R - e^7M e fi) + ' ' • 

There is no flavor mixing in this model, the CKM angles are assumed to arise from higher 
dimensional operators. 

Our analysis has demonstrated that there are two potentially massless Goldstone 
bosons in the model. They couple with strength 2rrif/F 7T where F n = 125GeV to light 
fermions of current algebraic mass mj and are experimentally ruled out ||15|| . 

Let us assume for the moment that these chiral symmetries are explicitly broken by 
physics beyond 1000 TeV. It is possible to obtain a rough estimate of the axion mass (ttia) 
from four fermion operators generated by heavy physics. Dashen's formula coupled with 
vacuum insertion approximation yields, 

F n m A « ^2^ (I 3 ) 

where gsFs = As is the scale of new physics. Here (TT)a 3 = 4 x 10 8 GeV 3 is a rough 
estimate of the technifermion condensates used by Appelquist and Terning. Quoting values 
of the relevant anomalous dimensions from [ I^j , we obtain 



/ 100TeV \°- 67 / 1000TeV \ - 32 / A 5 TeV V g 
{TT)As ~ <TT>A *{lOTev) [loOTev) (.ToOOIeV ) {U) 

where 75 is the anomalous dimension from 1000 TeV to A5. Hence 

m , 4S332 (^T) (1 " 7S) GeV (15) 

Here g$ is taken to be 0(1) and 75 — a crude estimate of walking effects between As and 
Aps — is also expected to be of 0(1). 
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In a pp collider, these neutral 'axions'(Ai 2 ) may be produced singly via gluon fusion 
(predominantly) or by quark-antiquark fusion Note that there is not enough phase 
space for it to be produced in the pair technipion production mode ( W ± — > AiP^ ), where 
P^ is the charged pseudo-goldstone boson in the one-family technicolor model orthogonal 
to the 'eaten' goldstone bosons, as the mass of the P^ is expected to be in excess of 50 GeV 
@| . These axions would decay into fermion-antifermion pair, principally the heavier ones 
(bb and rf). However, these decays are not of any experimental significance due to the 
smallness of Hence, a 32 GeV neutral, color-singlet 'axion' is unlikely to be detected 

in the near future. 

A natural approach for creating these four-fermion operators would be to embed the 
Appelquist-Terning gauge group into a larger gauge group. This will break some of the 
chiral symmetries so that the axions are no longer strictly massless. The simplest possible 
extension ( minimum fermion content and maximum chiral symmetry breaking) is to the 
gauge group 577(9) ® SU(2)hc ® SU{2)l ® U(1)r ; i.e., unification of the Pati-Salam 
and ETC gauge groups. The SU(9) is assumed to break into SU(5)etc ® SU(A) P s. The 
minimal representation content yielding us the eight representations in the Appelquist - 
Terning model , under decomposition, is 

8 



(36, 1, 2) = (10, 1, 1, 2) © (5, 1, 4, 2) © (1, 1, 6, 2) 



#2 



(36, 1, 1) = (10, 1, 1, 1) © (5, 1, 4, 1) © (1, 1, 6, 1) 



^3 



(36, 2, 1) = (10, 2, 1, 1) © (5, 2, 4, 1) © (1, 2, 6, 1) 



^4 



(36,1, l)_i = (10,l,l,l)_i©(5,l,4,l)_ 1 ©(l,l,6,l)_i 



*5 



(36, 1, l)x = (10, 1, 1, l) x © (5, 1, 4, 1)! © (1, 1, 6, l)i 



(16) 



* 6 = (9,l,l,l)o=(5,l,l,l)o©(4,l,l,l) 
# 7 = (9, 1, 1) = (5, 1,1, 1) ®(4,l,l,l)o 

* 8 = (126,l,l)o 

= (5, 1, 1, 1) © (1, 1, 1, 1) © (10, 1, 6, 1) © (TO, 1, 4, 1) 
®(5,l,4,l)o 



Since we want to avoid Non-Abelian Goldstone bosons, no representations partici- 
pating in any condensate should be repeated. The original fermions are contained in 
...,\l/6- The representations ^7 and are needed to cancel gauge anomalies. 

However, this is not a resolution. While it explicitly breaks some chiral symmetries, 
the additional representations create new chiral symmetries. The 'axions' are still there. 

Another approach for tackling this problem would be to gauge the two L/(l)'s that are 
spontaneously broken at the electroweak scale. (However, this would require a new set of 
spectator fermions so that the theory is anomaly free. One needs to assume that they are 
singlets under all but these two U(l) groups and get a mass from heavy physics.) Then, 
the two massless £7(1) gauge bosons combine with the two massless goldstone bosons to 
give the former their masses. The arbitrariness of the U(l) gauge coupling can push the 
gauge boson masses beyond their current experimental limits. Z ' mass (lower)bounds 
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indicate that the U(l) gauge couplings would have to be rather large to be compatible 
with experiment. 

Another possibility would be to arrange to have more than one condensate at higher 
energy gauge symmetry breaking scales. As a result, the C/(l)'s are spontaneously broken 
at higher energies and hence are more weakly coupled to the light fermions (weak enough 
to be undetected). This way one ensures that there are no light goldstone bosons at the 
electroweak scale. However, '/„-' would have to be between 10 10 GeV and 10 12 GeV from 



cosmological [JT7] and astrophysical considerations [18 



The above discussion can be stated in more general terms. A reason for the problem 
is well known — too many representations ||. If the number of irreducible representations 
(no) is less than or equal to the number of simple non-abelian gauge group factors (ns) 
there will be no anomaly- free global U(l) currents to worry about. 

If tld > ns, we have (n^ — ns) anomaly-free global U(l) symmetries. We then 
investigate the fate of these symmetries as we pass through the various gauge symmetry 
breaking scales. Suppose the gauge symmetry breaking at A involves c condensates and 
there are d broken diagonal generators which act as the number operator in the subspace 
of the fermions in the condensate. (For instance, when SU(n) breaks into SU(n — 1), 
the element of the Cartan subalgebra in SU(n) but not in SU(n — 1) acts as the number 
operator in the 1 and n — 1 subspace separately.) Consider the general linear combination 
of these (n^ — ns + d) U (1) currents ( J = Yl A r J^ r = 1, ■ • • («d — ns + d) ) and tabulate 
the charges Qi, (i = l,---c) of the c condensates. (Without loss in generality, we are 
assuming no global symmetry breaking above this scale.) Note that these Qi are linear 
combinations of {no — ns + d) variables A r . 

The conditions that the charges of the c condensates vanish can be stated as a set of 
c linear homogeneous equations in (no — ns + d) variables. If the rank of the coeficient 
matrix (c') is less than c, only c' condensates are said to have linearly independent charges. 
We focus on the c' linearly independent condensates i.e., those condensates with linearly 
independent charges. Only when c' = d are the initial JJ (l)^ nD ~ nG ^ global symmetries 
preserved; otherwise there are c' — d exactly massless Goldstone bosons, which would be 
unwelcome if they couple to the ordinary fermions. Gauging these U(l) 's is a solution, but 
this entails the introduction of spectator fermions. 

We know of no simple way of determining c' other than to explicitly construct the 
global symmetry currents at each stage of the gauge symmetry breaking. In any case, the 
analysis needs to be carried out only when c > d ; i.e., when the number of condensates is 
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larger than the number of 'diagonal' gauge generators spontaneously broken at that scale. 
In particular, there could be many ( unrepeated ) ETC representations as long as c < d. 

4. CONCLUSION 

We have shown the existence of two potentially light Goldstone bosons in the 
Appelquist-Terning ETC model. The problem is related to the fact that there are too 
many representations and the number of condensates exceeds the number of diagonal 
gauge symmetries broken. These axions could get a mass from physics at higher energy 
scales. An attempt to break these symmetries with new gauge interactions seems to be 
inadequate. 
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